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1 Introduction 

Measurements of magnetic susceptibility in the 
human tissue using a susceptometer based on a 
SQUID (Superconducting Quantum Interference 
Device) have been presented as a possible 
technique to non-invasively measure iron overload 
in vivo [1,2,3], The liver and spleen have been the 
target organs in these measurements to evaluate the 
iron-ferritin stored in all body. Iron overload can be 
due to genetic disorders or to regular blood 
transfusions in subjects with chronic anemia. 
Therefore, a non-invasive technique to the 
monitoring of iron stores in liver is very important 
in the treatment and follow-up of patients in this 
condition. The gold standard technique used to 
quantify the iron concentration in vivo is the needle 
biopsy. In this procedure a small piece of the liver 
is removed with a long needle to be analyzed by 
atomic absorption spectroscopy. This is an invasive 
method that has several inconveniences and is 
potentially dangerous to be used routinely in the 
monitoring of patients undergoing chelation therapy 
[4], 

The susceptometric technique consists in the 
measurement of magnetic fields in the region of the 
liver, while the region is magnetized by an external 
magnetic field. The normal human tissue is 
diamagnetic and has susceptibility close to that of 
the water (~9. 10' 6 SI). But, when atoms of iron are 
present in this tissue, this value is modified and the 
variation in the intensity of the magnetization 
produced by the same volume is proportional to the 
quantity of iron. 

When a susceptometric measurement is made in the 
region of the liver, besides the iron distributed in 
this organ, all the materials around (air, skin, fat, 
tissue, etc) contribute to the measurement. One of 
the solutions to eliminate this problem is to make 
use of a bag filled with water between the sensor 
and the thorax of the subject. But the water bag is 
uncomfortable and very delicate to handle. We 
present in this paper another possibility to evaluate 
the concentration of ferritine in the liver without the 
use of this bag. 


2 Methods 

The magnetizing system consists of an array of four 
rectangular coils (2.98 mx 2.18 m) arranged in a 
Rubens configuration. For this configuration, the 
magnetizing field has a homogeneity of 60 ppm in a 
volume of 25 cm 3 , located in the center of the array. 
The detection of the magnetization is made with a 
second-order axial gradiometer (25.4 mm of 
diameter and 140 mm of baseline) coupled to a RF 
SQUID. When this sensor is operating in the center 
of the applied field its common mode rejection 
(CMR) is approximately 10 4 . With the active 
compensation, the applied field is rejected with 
CMR smaller than 10' 6 . This compensation was 
made by applying a magnetic field at the same 
frequency and phase using a small coil (130 mm of 
diameter and 3 loops) coupled externally to the 
neck of the dewar, over the gradiometer region. It 
was energized with a fraction of the same power 
used to energize the magnetizing coils. The 
acquisition system consisted of a digital lock-in and 
A/D board coupled to a computer. Programming of 
signal acquisition was made in the LabView 
environment. 

During the measurements, the sample (phantom 
and/or human subject) is placed in a bed that is 
capable of moving in the vertical direction below 
the dewar with a controlled low speed. To move the 
bed, a pneumatic system, composed of a pneumatic 
inner tube of a car tire, valves and vents, was used. 
The vertical position is recorded with a resistive 
device with a 0.1 mm precision. 

To keep subjects in the correct position, a vacuum 
mattress was made. This mattress is essentially an 
air tight bag containing small Styrofoam balls. The 
subject is placed in position and the mattress molds 
his/her body and vacuum is then made and the 
subject remains still. 

A schematic diagram of the complete system is 
presented in figure 1. To evaluate the sensibility of 
the system, measurements of the susceptibility were 
made in a spherical phantom filled with different 
concentrations of Hexahydrated Iron III Chloride 
solution (FeCl3.6H 2 0). The phantom consisted of a 
polyethylene sphere with internal volume of 560 ml 



placed inside an acrylic cylinder. The cylinder was 
filled with pure water, simulating the diamagnetic 
surroundings of the liver. 



Figure 1: Simplified diagram of the susceptometric 
system showing the main components. 


The driving frequency and amplitude of the 
magnetizing field was chosen to be 15 Hz and 
110 pT, respectively for best signal to noise rate. In 
the beginning of the measurements, the sample was 
positioned 12 mm below the gradiometric sensor 
and, five seconds later, it was moved down with a 
speed of 2 mm/s to a distance of approximately 100 
mm. 

In vivo measurements have recently started and 
normal subjects with a wide range of weight and 
height were investigated. It was shown that 
anatomical dimensions are relevant to the precision 
of the measurements in the susceptometric method. 
The shape and volume of the thorax, for example, is 
different from one person to another. Thus, when 
the measurement is done without the bag of water 
the contribution of the material closer to the sensor 
(tissue, fat, skin) is stronger than due to iron present 
in the liver. So, to eliminate this problem without 
the use of the water bag, experiments in vivo are 
been evaluated by measuring the susceptibility in 
the region of the liver and in a similar region in the 
other side of the body (right side), maintaining the 
same symmetry of the thorax near the sensor. In 
both measurements, the subject is positioned in 
supine position under the magnetic sensor with the 
body rotated of 35 - 40 degrees as shown in the 
figure 2. In the first measurement, the liver is near 
the sensor while in second one the liver is distant. 
Therefore, subtracting one signal from the other, 
the result is mainly due to ferritin stored in the 
liver. For the measurement made in the left side, the 
liver volume is considered to be far from the 
sensor. So, the contribution of the iron present in it 
is a considerably sm a ller than when the 


measurement is made on the right side. Subtracting 
one measurement from the other, as a first 
approximation, we can attribute the resulting 
mainly due to the presence of the iron in the liver. 
The concentration of the iron is obtained by fitting 
this result with the simulated signal, using the 
equation 1, 

AF= fL c ^/- § -x 5v 1 

where C is the calibration of the susceptometer, Cftn 
is the concentration of the ferritine distributed in 
the liver, is the susceptibility of the ferritin 
(1,600 TO' 6 SI), B m is the magnetizing field and 
B r /I r is the reciprocal field in the coils of the 
gradiometer [5]. 

As a first approximation, the shape of liver was 
considered spherical and its volume was estimated 
using the following model: liver volume (ml)= [13 
x height (cm)] +[12 x weight (Kg)] - 1530. This 
model was predicted to estimate liver volume in 
patients without liver disease [6], The distance 
between the liver and skin and its best position was 
evaluated using an ultrasound. 



Figure 2: Scheme of the procedure used to get the 
susceptometric measurement of the iron distributed 
in the liver. 


3 Results 

Figure 3 shows the resulting of the measurements 
made in phantoms with concentration increasing in 
steps of 100 pg of iron Ill/g of solution. The 
correlation coefficient of signal amplitude versus 
concentration is 0.998. These results show that this 
system presents a sensitivity able to quantify a 
concentration smaller than 100 pg. 

A typical tracing of SQUID signal amplitude versus 
time taking from a normal subject, in both sides of 
the thorax, region of the liver (dotted line) and 
opposite side (solid line), is shown in figure 4. The 
amplitude of the signal measurement in the region 

















of the liver is smaller than measurement in the 
opposite side. This result confirms the 
paramagnetic contribution of the iron present in the 
liver and the higher the iron overload is, the bigger 
this difference of amplitude will be. This plot also 
clearly shows the artifacts of the breathing while 
the subject is closed to the sensor. The figure 5 
shows the concentration of iron evaluated in 3 
normal (13-28 years old) and 3 thalassemic (11-23 
years) subjects; the latter group is undergoing 
chelating treatment and monthly submitted to blood 
transfusion. 



Iron Concentration (|xFe 3 Vg water ) 

Figure 3: Maximum variation of the output signal of 
the SQUID versus iron concentration in the 
phantom. 



concentration of iron stored assessed by 
susceptometry decreased it was followed by the 
serum level. 



Figure 5: Comparison of iron concentration 
obtained in normal and iron overloaded subjects. 
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Figure 6: Relation between the serum ferritin levels 
and the concentration of iron obtained by 
susceptometric technique. 


Figure 4: Recording of the susceptometric system 
versus time to measurements done in the region of 
the liver (dotted line) and in the opposite side (solid 
line). 

Measurement of the serum ferritin also was 
evaluated in the three patients and figure 6 shows 
the comparison of results obtained by 
susceptometric technique and this technique. 
Although there is not a directly correlation between 
these data, it is interesting that when the 


4 Discussion 

Small modifications in a general purpose SQUID 
based biogradiometer allowed measurements of 
magnetic susceptibility with high sensitivity. 
Measurements are performed without a layer of 
water between the sensor and the subject, with 
comfort to patients. However the system is more 
prone to artifacts, like breathing; and shows also 
variability in intra-subject measurements. 
Measurements are strongly dependent on the 
distance from the liver surface to the sensor (DLS). 















Attempts were made to correlate the magnetic 
measurement with body indexes based in weight 
and waistline with no good results, what makes the 
correct use of an ultrasound device mandatory to 
for DLS determination. With a better control of the 
distance liver-sensor, a smaller dispersion of the 
data allowed quantitative comparison between 
normal subjects and patients undergoing chelating 
treatment and first results are reported here. In 
summary it was shown that with a relatively simple 
instrument it was possible to quantify in vivo iron 
concentrations what is clinically important in the 
assessment and management of patients with 
hemochromatosis and thalassemia. The present 
results also shown that a sensitive method enough 
for iron measurements was developed. Some 
refinements, like sensor positioning and 
improvements in modeling to allow a real torso 
surface to be simulated, can be implemented for 
more precise in vivo measurements. 
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